Introduction {#S0001}
============

Renal cell carcinoma (RCC), which refers to cortically derived tumors of the renal parenchyma and encompasses a heterogeneous group of cancers, is the third most common urological cancer after prostate and bladder cancer \[[@CIT0001]\]. Renal cell carcinoma is diagnosed in more than 120,000 patients in Europe and the USA every year and causes about 60,000 deaths annually. Of these patients, approximately one third, who have initially localized disease, relapse after nephrectomy, while 30% present with metastatic RCC at diagnosis \[[@CIT0002]\]. The overall poor prognosis of RCC is partly because of the particular resistance to conventional chemotherapy and radiotherapy in most cases \[[@CIT0003]\]. Thus, alternative treatment strategies that focus on the development of immunotherapy are highly need.

Natural killer (NK) cells are large granular cells of the immune system that constitute the third major lymphocyte subset and represent approximately 10-15% of circulating lymphocytes in blood \[[@CIT0004]\]. Natural killer cells express a large number of different cell surface receptors and contribute to the elimination of virus-infected cells as well as to the antitumor immune response \[[@CIT0004]\]. NKG2D is an activating receptor of NK cells which is thought to play an important role in tumor immune surveillance \[[@CIT0005]\]. In recent years, several highly diversified MHC class I related molecules which have been shown to bind to the homodimeric C-type lectin-like NKG2D receptor have been found to be expressed in cytotoxic lymphocytes \[[@CIT0006]\]. The human NKG2D ligands (NKG2DL) include the stress-inducible surface glycoproteins MICA and MICB, expressed in many epithelial tumors and upon infection \[[@CIT0007], [@CIT0008]\], as well as the UL16 binding proteins (ULBPs), a multigene family with at least six functional members \[[@CIT0009]\]. NKG2DL expression is known to potently stimulate antitumor responses in mice, which are critically dependent on NKG2DL expression levels on the tumor cell surface \[[@CIT0010]\].

Valproic acid (VPA), a histone deacetylase inhibitor (HDAC-I), is a potent inducer of NKG2DLs such as MICA/B and ULBPs on tumor cells to enhance cytotoxicity of NK cells and host immune surveillance against tumor cells \[[@CIT0011]--[@CIT0013]\]. In the last years, VPA has shown potent antitumor effects in a variety of *in vitro* and *in vivo* systems \[[@CIT0014]\] and has emerged as a promising drug for cancer treatment with well tolerable side effects \[[@CIT0015]\]. However, the functional consequences of VPA treatment for cellular immunity in renal carcinoma cells remain unclear.

In our study, we investigated the effect of VPA on expression of NKG2D ligands in human renal carcinoma cell lines. In addition, we detected the mRNA and protein levels of NKG2D ligands in renal carcinoma cell lines treated with 4 mM VPA using real-time PCR and flow cytometry. Furthermore, a cytotoxicity assay and CD107a mobilization assay were carried out to study the susceptibility of human renal carcinoma cells to NK cell-mediated cytotoxicity.

Material and methods {#S0002}
====================

Reagents and monoclonal antibodies {#S20003}
----------------------------------

Sodium valproate (VPA) and calcein-AM were obtained from Sigma (USA). Monoclonal antibodies (mAbs) specific to ULBP-1, ULBP-2, ULBP-3 and anti-NKG2D were purchased from R&D Systems (Minneapolis, MN, USA). PE-conjugated goat antimouse IgG, antimouse IgG1 Ab, goat anti-mouse PE Ab, anti-MICA/B-PE, anti-HLA-A/B,/C-FITC, anti-CD56-PE and anti-CD107a-APC were all purchased from BD Pharmingen (San Diego, CA, USA). Annexin V-FITC and propidium iodide were purchased from eBioscience (USA).

Cells {#S20004}
-----

Human renal carcinoma cell lines of 786-O and ACHN, as well as NK-92 cells, were purchased from American Type Culture Collection (ATCC, Manasas, VA, USA). 786-O and ACHN were cultured in RPMI-1640 supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% fetal bovine serum (FBS). NK-92 cells were cultured in Minimum Essential alpha Medium containing 0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid, 17 mM sodium bicarbonate, 12.5% horse serum, 12.5% FBS and 100 U/ml recombinant human interleukin 2. All cells were cultured in a humidified atmosphere of 5% CO~2~ in air at 37°C.

Immunofluorescence staining and flow cytometry {#S20005}
----------------------------------------------

786-O and ACHN cells were cultured in six-well tissue culture plates for 48 h at a concentration of 3 × 10^5^ cells/ml, with different concentrations of VPA from 0.5 mM to 0.8 mM. The expression of the NKG2D ligands and HLA-A/B/C on renal carcinoma cell lines was analyzed by immunofluorescence staining using anti-ULBP-1, anti-ULBP-2 and anti-ULBP-3, followed by secondary goat anti-mouse PE Ab, anti-MICA/B-PE and anti-HLA-A/B/C-FITC. In all experiments, cells were stained with propidium iodide (1 µg/µl) to assess cell viability. Aspecific fluorescence was assessed by using an isotype-matched irrelevant mAb (R&D Systems, Minneapolis, MN, USA) followed by the same secondary mAb. Fluorescence was analyzed using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data acquisition and flow cytometric analysis were carried out on a BD FACSCalibur using the CellQuest software package (BD Biosciences, Franklin Lakes, NJ, USA).

RNA isolation and real-time PCR {#S20006}
-------------------------------

Total RNA from renal carcinoma cell lines, which had been treated with VPA and cultured for 24 h, was extracted using TRIZOL \[[@CIT0016]\] (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. The concentration and quality of the extracted total RNA were determined by measuring OD260 and the OD260/OD280 ratio. The reverse transcription of 1 µg RNA into cDNA was carried out using Superscript II reverse transcriptase (Takara, Japan) and stored at --80°C until use. Real-time PCR was performed using the ABI Prism 7900 sequence detection system (Applied Biosystems, USA). The average of the threshold cycles was used to interpolate standard curves and to calculate the transcript amount in samples using SDS version 2.1 software (Applied Biosystems, USA). Relative mRNA amount, normalized with glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was expressed as arbitrary units and referred to untreated cells considered as calibrator. Real-time PCR was carried out using standard conditions, as previously described \[[@CIT0017]\]. The primers used in real-time PCR are shown in [Table I](#T0001){ref-type="table"}.

###### 

Primer sequences for real-time PCR

  --------------------------------------------------------------------
  Gene    Primer sequences                       Product size \[bp\]
  ------- -------------------------------------- ---------------------
  MICA    F:5'-CAGCTGCAAACGCCTCATATC-3'\         87
          R:5'-TGACCTATGAAACAGAGAAAATAAAAGC-3'   

  MICB    F: 5'-AGGAGAGGAGC AGAGGTTC AC-3'\      91
          R: 5'-TGGC ATAGC AGC AGAAAC ATA-3'     

  ULBP1   F: 5'- AAAC AACAGAAAGTGGAC AGC A-3'\   113
          R: 5'- TACAATCCCCCAGTGAAATCTT-3'       

  ULBP2   F: 5'- GAAAAGTGGGAGAATGAC AAGG-3'\     88
          R: 5'- TCAAGAAGTCCTC AAGCCATC-3'       

  ULBP3   F: 5'- CTGGGGAAAAC AACTGGAAAT-3'\      135
          R: 5'- GCTTC ACACTC AC AAGAC ATCC-3'   

  GAPDH   F: 5'-TGCACC ACCAACTGCTTAGC-3'\        142
          R: 5'-GGC ATGGACTGTGGTC ATGAG-3'       
  --------------------------------------------------------------------

Cytotoxicity assay {#S20007}
------------------

NK cell cytotoxicity against renal carcinoma cell lines was assessed using the calcein-AM release assay, as described previously \[[@CIT0018]\]. Renal carcinoma target cells (T) were cultured in medium with or without 4 mM VPA for 48 h. Then, the NK cell cytotoxicity assay was carried out by incubating these cells with NK-92 effector cells (E) at various T/E ratios (1/20-1/5) for 3 h at 37°C. In blocking experiments, anti-NKG2D mAbs were added to the NK cell suspension at 10 µg/ml and incubated at 37°C for 30 min before the addition of target cells. The number of dead cells was estimated by measuring the fluorescence intensity in medium. The fluorescence intensity in medium released spontaneously from target cells and the total maximum fluorescence intensity released from all target cells by treatment with 1% Triton X-100 were also determined. The percentage of target cells killed by NK-92 cells was calculated as follows: 100x (sample protease activity -- spontaneously released protease activity)/(total maximum protease activity -- spontaneously released protease activity).

CD107a mobilization assay {#S20008}
-------------------------

VPA-treated renal carcinoma cell lines were incubated with NK-92 cells at an E/T ratio of 2.5: 1, and NK cell-mediated cytotoxicity was evaluated using the lysosomal marker. Two microliters of APC-CD107a mAb were added to the suspension of effector and target cell mixtures in 96-well round microplates and incubated for 3 h at 37°C. One microliter of 2 mM monensin (Sigma) in 100% ethanol was included in the cell suspension to prevent the acidification of the endosomal compartment, which could alter the fluorescence of internalized CD107a: APC-CD107a mAb complexes. After incubation, the plate was centrifuged to the pellet cells and the supernatant was removed. Cell-cell conjugate was disrupted by washing the cell with PBS supplemented with 0.02% azide and 0.5 mM EDTA. Samples were then stained with anti-CD3-FITC and anti-CD56-PE to gate the CD3--CD56^+^ NK cell population, followed by flow cytometric analysis \[[@CIT0012]\].

Statistical analysis {#S20009}
--------------------

Data are presented as mean ± SDs. Differences in the expression levels of NKG2D ligands in renal carcinoma cell lines were assessed using Student\'s *t*-test \[[@CIT0019]\]. A value of *p* less than 0.05 was considered statistically significant.

Results {#S0010}
=======

VPA upregulates the expression of MICA/B, ULBP-1, and ULBP-2 on the surface of human renal carcinoma cell lines {#S20011}
---------------------------------------------------------------------------------------------------------------

To investigate the effect of VPA on the surface expression of NKG2D ligands in renal carcinoma cells, we initially performed a flow cytometric analysis on 786-O and ACHN cells after treatment with VPA. As shown in [Figure 1A](#F0001){ref-type="fig"} and [1B](#F0001){ref-type="fig"}, 786-O and ACHN cells showed apparent upregulation of MICA/B, ULBP1, and ULBP2 after treated with VPA. However, the expression levels of HLA-A/B/C were not significantly influenced by VPA ([Figure 1C](#F0002){ref-type="fig"}). The propidium iodide staining experiment showed that cell viability was not significantly changed by VPA from 0 mM to 4 mM. However, cell apoptosis was significantly increased by VPA at 8 mM ([Figure 1D](#F0002){ref-type="fig"}). Therefore, we chose 4 mM VPA for further analysis.

![Up-regulation of NKG2D ligand (NKG2DL) expression on renal carcinoma cell lines by treatment with valproic acid (VPA). **A** -- Histograms of NKG2DL expression in two renal carcinoma cell lines: purple lines represent untreated cells, black lines represent isotype control, green line represents VPA treated cells. **B** -- Changes in the mean fluorescence intensity (MFI) level of MICA/B, ULBP-1, ULBP-2, ULBP-3 in the two renal carcinoma cell lines.\
The differences in the MFI levels are indicated as the mean ± SD from three independent experiments; \*p \< 0.05, \*p \< 0.01](AMS-9-20578-g001){#F0001}

![**C** -- HLA-A/B/C expression in two renal carcinoma cell lines: purple lines represent untreated cells, black lines represent isotype control, green lines represent VPA treated cells. **D** -- 786-O and ACHN cell viability after treatment with different concentrations of VPA. The percent of propidium iodide (P/I)-positive cells was used to show the presence of different concentrations (micromolar) of VPA. Each column represents the difference of MFI level calculated by subtracting the MFI level of untreated cells from that of VPA treated cells\
The differences in the MFI levels are indicated as the mean ± SD from three independent experiments; \*p \< 0.05](AMS-9-20578-g002){#F0002}

From the result of FCM analysis, we also found that the up-regulation of expression levels of ULBP-3 in the 786-O cell line was not of statistical significance ([Figures 1A](#F0001){ref-type="fig"} and [1B](#F0001){ref-type="fig"}). That is, this ligand may not be induced by VPA in the 786-O cell line. Thus, we suggested that VPA could enhance the expression levels of most of the NKG2D ligands in 786-O and ACHN renal carcinoma cells.

We hypothesized that this influence was the consequence of up-regulation of their mRNA expression. To test this hypothesis, we isolated the total RNA from 786-O and ACHN cells exposed to VPA inhibitors for 24 h and analyzed their mRNA levels by real-time PCR. We found that VPA increased the mRNA levels of MICA, MICB, ULBP-1, and ULBP-2 in 786-O cells and the mRNA levels of MICA, MICB, ULBP-1, ULBP-2, and ULBP-3 in ACHN cells ([Figure 2](#F0003){ref-type="fig"}). This result was consistent with the FCM analysis.

![VPA increased the mRNA levels of NKG2D ligands (NKG2DL) in renal carcinoma cell lines. Real-time PCR analysis of total mRNA obtained from ACHN (**A**) or 786-O cells (**B**), untreated or treated with 4 mM VPA for 24 h. The relative amount of NKG2DL mRNA to GAPDH mRNA (NKG2DL/GAPDH) was used to represent expression levels of the NKG2DL gene\
Each column and error bar represents the mean ± SD from three independent experiments; \*p \< 0.05, \*\*p \< 0.01](AMS-9-20578-g003){#F0003}

These results showed that VPA was able to enhance NKG2D ligand expression in renal carcinoma cell lines at both the mRNA and protein level.

VPA enhances susceptibility of human renal carcinoma cells to NK cell-mediated cytotoxicity {#S20012}
-------------------------------------------------------------------------------------------

Two renal carcinoma cell lines were cultured for 48 h in the presence of 4.0 mM VPA and the susceptibility to cytotoxicity of NK-92 cells was examined. As shown in [Figure 3A](#F0004){ref-type="fig"}, VPA treatment of renal carcinoma cells increased the susceptibility to NK-92 cells. NK-92 cells pretreated with NKG2D-blocking antibody completely prevented the cytotoxic activity of NK-92 cells against all target cells treated with 4.0 mM VPA ([Figure 3B](#F0003){ref-type="fig"}).

![VPA enhances the susceptibility of renal carcinoma cells to NK cell-mediated cytotoxicity. **A** -- 786-O and ACHN cells were incubated with or without 4 mM VPA for 24 h, then the cytotoxicity of cultured NK cells against renal carcinoma cells was assessed; \**p* \< 0.05. **B** -- 786-O and ACHN cells treated with 4 mM VPA were incubated in the presence or absence of anti-NKG2D mAb, then tested for their sensitivity to NK cell-mediated lysis; \**p* \< 0.05\
Each bar indicates a mean ± SD of 3 samples. E : T -- effector : target](AMS-9-20578-g004){#F0004}

VPA enhances NK cell degranulation against renal carcinoma cells {#S20013}
----------------------------------------------------------------

Because changes in the expression of NKG2D ligands, such as MICA, MICB, ULBP-1 and ULBP-2, on tumor cells can modify the recognition and activation of NK cells via NKG2D, we tested whether the renal carcinoma cells treated with VPA could lead to increase of NK cell degranulation. We analyzed the degranulation of NK-92 cells against 786-O and ACHN cells, by evaluating the expression of the lysosomal marker CD107a on the effector cells by FCM analysis correlated with NK cell cytotoxicity.

As shown in [Figure 4](#F0005){ref-type="fig"}, basal expression of CD107a in NK cells contacting 786-O or ACHN target cells was enhanced following treatment with 4 mM VPA. The assay was performed at an E/T ratio of 2: 1.

![Influence of VPA on NK-92 cell degranulation against renal carcinoma cells. NK-92 cells were incubated with 786-O and ACHN cells, untreated or treated with 4 mM VPA for 48 h, and used as target cells in a degranulation assay. The assay was performed at an E/T ratio of 2 : 1. After 2 h at 37°C, cells were stained with anti-CD56, anti-CD3 and anti-CD107a mAbs. Cell surface expression of CD107a was analyzed on CD56^+^ CD3^－^ cells. Results are representative of one of three independent experiments](AMS-9-20578-g005){#F0005}

Combined with the above result that VPA treatment could upregulate the expression levels of NKG2D ligands, we demonstrated that augmented expression of NKG2D ligands in 786-O and ACHN cells enhanced NK cell degranulation by promoting recognition of tumor cells by NK cells.

Discussion {#S0014}
==========

Renal carcinoma cells are resistant to conventional cytostatic agents, resulting in disappointing clinical outcomes. The response rates are very low, often just 5-15%, and most responses are short lived \[[@CIT0003]\]. However, recent studies found that renal carcinoma cells can respond well to immunotherapy, especially metastatic renal carcinoma cells \[[@CIT0020]\]. Valproic acid, a histone deacetylase inhibitor, has been found to display antineoplastic activity \[[@CIT0021], [@CIT0022]\]. However, the functional consequences of VPA treatment for cellular immunity in renal carcinoma cells remain unclear. In this study, we found that treatment of renal carcinoma cells with VPA upregulates the expression levels of NKG2DL, leading to significantly enhanced susceptibility of tumor cells to NK cell-mediated cytotoxicity.

In the last few years, increasing evidence has shown that anticancer immune responses may contribute to the control of tumors after conventional chemotherapy. A number of different observations have indicated that some chemotherapeutic agents can induce specific immune responses that result in immunogenic cancer cell death or immune stimulatory side effects \[[@CIT0023], [@CIT0024]\]. In this regard, tumor cells can be stressed by a variety of stimuli (intrinsic or extrinsic) that may induce membrane expression or release of specific signals such as danger signals, eat-me signals, or killing signals. These signals may facilitate immune recognition/activation and enhance the eradication of stressed/treated tumor cells \[[@CIT0025]\]. There are various agents that can increase the expression of NKG2D ligands such as genotoxic agents, histone deacetylase inhibitors (e.g. VPA), or proteasome inhibitors (e.g. bortezomib), and facilitate the activation of NKG2D-expressing lymphocytes (including NK cells, NK T lymphocytes, and cytotoxic T lymphocytes) and tumor cell lysis \[[@CIT0023], [@CIT0024]\]. In this study, we focused on the influence of VPA because it has been shown to exhibit profound antitumor effects in a broad range of tumor entities \[[@CIT0012], [@CIT0013]\], and its low toxicity allows the use of other agents in combination.

By using FCM analysis, we investigated the effect of VPA on the expression of NKG2D ligands and HLA-A/B/C ligands in human renal carcinoma cell lines. The effect of VPA on various cancer cells has been extensively studied, with inconsistent results. VPA increases the transcription of MICA/B without affecting ULBPs in hepatoma cells \[[@CIT0012]\]. Poggi *et al*. found that VPA increases the expression level of MICA, ULBP-2, and ULBP-3 by acute myelocytic leukemia cells *in vivo* \[[@CIT0026]\]. There were also studies showing upregulation of ULBP-1 and MICA/B on primary leukemic cells \[[@CIT0027]\]. Lu *et al*. suggested that the expression of MICA/B and ULBP-2 was apparently upregulated after incubation with VPA. In our study, VPA upregulated the expression of most NKG2D ligands (MICA/B, ULBP-1, -2 in 786-O cell lines and MICA/B, ULBP1-3 in ACHN cell line) on the surface of two renal carcinoma cell lines. We suggested that this upregulation effect of VPA further results in its increased efficiency to activate NK cell degranulation as reported with other tumor cells \[[@CIT0012], [@CIT0013]\].

Previous studies have shown that agents which upregulated NKG2DLs induced apoptosis in various cells \[[@CIT0028], [@CIT0029]\] and experimental data might be influenced by the agents due to the apoptotic cells. In order to minimize the influence, we examined cell viability using a propidium iodide staining experiment and selected a concentration of 4 mM for further analysis. A previous study used the same magnitude dosage of VPA (0.62-10.0 mM) to treat cultured thoracic cancer cells and suggested that VPA mediated significant cell line- and dose-dependent growth inhibition \[[@CIT0030]\]. We chose 4 mM of VPA in this study because this dosage did not significantly change the cell viability. Therefore, the dosage may not be of guiding significance to clinical dosing. The clinical dosing of VPA depends on which disease is being treated and whether VPA is being treated for maintenance or acute application.

HLA class I molecules suppress the activity of NK cells through inhibitory receptors \[[@CIT0031]\]. In our study, the expression of HLA class I in renal carcinoma cells was not significantly changed in the presence of VPA. A similar effect was also observed in a previous study in human osteosarcoma cells \[[@CIT0013]\]. In that study, VPA at 0.5 and 1.0 mM did not increase HLA class I expression in MG-63 cells on days 3 and 7. However, in the other two cell lines of HOS cells and SaOS-2 cells, HLA class I was significantly increased on days 3 and 7. This expression difference of HLA class I may result from the difference of cell lines. Our results suggested that, in renal carcinoma cells, VPA mainly increases the expression levels of cell-surface NKG2D ligands rather than HLA class I.

We next determined the effect of VPA on susceptibility of renal carcinoma cells to NK cell cytotoxicity using NK-92 cells. NK-92 was shown to exhibit substantial antitumor activity against melanoma and leukemia *in vitro* as well as in xenografted SCID mice \[[@CIT0032]\]. In our study, the percentage of NK cell cytotoxicity was significantly increased following treatment of cells with VPA compared to untreated cells. This cytotoxicity was critically dependent on the interaction of NKG2D and its ligands, because the enhancing effect of VPA was blocked by the pretreatment of cells with anti-NKG2D mAbs. This result suggested that NKG2DL expression renders renal carcinoma cells susceptible to NK cell-mediated killing that can be markedly enhanced by VPA treatment.

NK cells are effector cells of the innate immune system and their functions are regulated by a number of killer cell-inhibitory and activating receptors. Depending on their intracellularly located immunoreceptor tyrosine-based inhibitory motif or activatory motifs, these receptors can mediate NK cell activation or tolerance toward self-Ags and/or tumor cells \[[@CIT0033]\]. In this regard, evidence is accumulating that, apart from classical missing-self control or specific genotoxic-mediated activation of NKG2D ligands, different additional activating signals originating from a stressed tumor cell can contribute to NK cell recognition and cytotoxic action.

NKG2D is expressed in NK cells and other cytotoxic immune cells, such as CD8+ T cells and δγT cells. Therefore, VPA likely enhances the susceptibility of renal carcinoma cells to these cytotoxic immune cells. VPA has also been shown to enhance the susceptibility of tumor cells to Fas-ligand-induced cell death \[[@CIT0034]\]. These results suggested that VPA in combination with immunotherapy activating cytotoxic immune cells could be useful to treat renal carcinoma.

In conclusion, our results indicated that VPA can clearly induce the expression of NKG2D ligands of renal carcinoma cell lines, thereby enhancing the cytotoxicity of NK cells against renal carcinoma cell lines. Our findings could provide evidence for immune-biologic therapy of kidney cancer -- a new approach to cancer therapy.
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